Airway wall attenuation: a biomarker of airway disease in subjects with COPD. J Appl Physiol 107: 185-191, 2009. First published April 30, 2009 doi:10.1152/japplphysiol.00216.2009.-The computed tomographic (CT) densities of imaged structures are a function of the CT scanning protocol, the structure size, and the structure density. For objects that are of a dimension similar to the scanner point spread function, CT will underestimate true structure density. Prior investigation suggests that this process, termed contrast reduction, could be used to estimate the strength of thin structures, such as cortical bone. In this investigation, we endeavored to exploit this process to provide a CT-based measure of airway disease that can assess changes in airway wall thickening and density that may be associated with the mural remodeling process in subjects with chronic obstructive pulmonary disease (COPD). An initial computer-based study using a range of simulated airway wall sizes and densities suggested that CT measures of airway wall attenuation could detect changes in both wall thickness and structure density. A second phantom-based study was performed using a series of polycarbonate tubes of known density.
computed tomography; contrast reduction COMPUTED TOMOGRAPHY (CT) IS being employed by multiple research groups to objectively examine airway disease in subjects with chronic obstructive pulmonary disease (COPD). Assessments of this process are based on proximal airway wall morphology and their correlation to the distal burden of small airway disease (15) . These objective measures can be dependent on technically complicated algorithms that employ airway wall intensity profiles to define the lumen-wall and wallparenchymal boundaries of the airway wall (18, 20) . Little work has been done, however, to directly examine the X-ray attenuation values within those intensity profiles.
CT imaging is based on structure density, and it is well recognized that, for objects whose dimensions are the same order of magnitude as the point spread function (PSF), their CT attenuation values will be an underestimate of actual tissue density. Termed contrast reduction, this process has been documented in both experimental and clinical applications (22, 26) . In such cases, the peak CT attenuation found within the structure is a function of object size, density, and the CT scanning algorithm used to reconstruct the image. Therefore, in the context of a fixed scanning algorithm, interobject variations in peak CT attenuation values may be a direct reflection of a change in structure size and/or density. Based on this, investigators have proposed using the CT attenuation of thin objects, such as the cortical shell of vertebral bone, as an index of structural strength (5) . By measuring the average of the peak CT numbers measured along the long axis of the shell, the mean of the peak CT attenuation values, one could have an objective metric of cortical shell size/strength in an object well below scanner resolution.
We postulated that the same principle of contrast reduction could be applied to the quantification of airway disease in subjects with COPD. The remodeling observed in the proximal airways of subjects with COPD (23) would result in a similar increase in the airway wall X-ray attenuation as a result of increased airway wall dimension and, potentially, density. Subjects with more advanced airway disease and thicker airway walls would, therefore, have higher measures of peak wall attenuation (PWAt). To test this hypothesis and to examine the ability of this metric to characterize the nature of a subject's expiratory airflow obstruction, we analyzed data from a subset of subjects enrolled in the National Lung Screening Trial (NLST), who underwent CT scanning and measurement of lung function at the University of Alabama at Birmingham. Some of the results of this study have been published previously in abstract form (25) .
MATERIALS AND METHODS
The study and paper were reviewed and approved according to the procedures outlined in the NLST/LSS Publications, Presentations, and Associated Studies Working Group's Review Procedures and Authorship Guidelines. This study also received approval from the Institutional Review Boards at both the University of Alabama at Birmingham and Brigham and Women's Hospital.
Computer-based Simulation Study
The CT imaging process can be modeled by a linear system that is fully characterized by a PSF. As detailed by Dougherty and Newman (5), the PSF can be decomposed as the convolution of three different components.
PSF-1 describes the geometric characteristics of the CT scanner, such as the finite width of the X-ray beam, X-ray scattering, and the linear response of the X-ray detector. PSF-2 is associated with sampling into the reconstruction grid and the finite pixel size, and PSF-3 encompasses the effect of the reconstruction kernel. Although the PSF is neither isotropic nor position independent (21), for the sake of simplicity, it can be considered to be circularly symmetric with a two-dimensional Gaussian function employed as a reasonable model of the pseudo-Gaussian PSF experimentally measured in commercial systems (5, 18, 24) . Thus the resulting PSF can, therefore, be approximated by the following equation.
This model, given by Eq. 2, does not include well-described nonlinear effects, like streaking artifacts and beam hardening, which were neglected for the purposes of this simulation. An idealize airway profile can be simulated as a staircase function with three layers, each with unique intensity levels (Fig. 1) . The inner layer or simulated lumen is assigned a nominal intensity of Ϫ1,000 Hounsfield units (HUs) and a radius of 2 mm. The middle layer corresponding to the airway wall is varied in width and attenuation to simulate biological conditions. The outer layer represents simulated lung parenchyma with an intensity of Ϫ700 HUs. For each idealized airway staircase profile, a simulated CT intensity profile can be generated by convolving the PSF (where the sigma or standard deviation ϭ 1 mm) with the input or "true" profile. Examples are shown in Fig. 1 . Using this model, the interrelation between wall attenuation, specifically, the PWAt (the peak attenuation in each of the intensity profiles), and wall thickness (WT) can be examined.
Phantom Study
A phantom study using a range of simulated airway sizes was performed to validate the airway wall segmentation methods utilized in this investigation and to examine the influence of airway size on measures of airway wall attenuation (Fig. 2) . The simulated lung phantom was created for the COPDGene Study and consists of polycarbonate tubes embedded in foam (polycarbonate density: 1.18 gm/ml; foam density: 0.16 gm/ml; details kindly provided by the manufacturer, The Phantom Laboratory, www.phantomlab.com). The phantom underwent CT imaging using a GE 64 slice scanner. Images were acquired using 120 kVp and a tube current of 100 mA with a gantry rotation time of 0.5 s. The scanning field of view was set at 360 mm. Images were reconstructed using a standard reconstruction algorithm with a slice thickness of 0.625 mm and interval of 0.625 mm.
Detailed information regarding image analysis is provided following the description of the clinical CT imaging protocol.
Subject Population
Data from this study cohort have been published previously, and a full description of the NLST is available at http://www.cancer.gov/ nlst. Briefly, the NLST is a randomized trial comparing annual chest X-rays to CT scans for the early detection of lung cancer among current and former smokers. Subjects were eligible to participate in this screening trial, if they were between the ages of 55 and 74 yr and had a minimum of 30 pack ⅐ yr of cigarette smoking. Subjects were excluded if they had a prior history of lung resection, lung cancer, or an acute respiratory infection requiring treatment with antibiotics in the previous 12 wk. Approximately 50,000 subjects were enrolled. All subjects enrolled at the University of Alabama were evaluated for Fig. 1 . Three examples of idealized airways modeled as a staircase function (true profile). In each of the three cases, the lumen was 2 mm with an attenuation of Ϫ1,000 Hounsfield units (HUs), and the parenchyma was Ϫ700 HUs. Left to right: the "real" airway wall is 1.5, 2.5, and 4 mm in thickness with an attenuation of Ϫ50 HUs. Superimposed on these idealized models are simulated computed tomography (CT) intensity profiles (measured profile). Note that, in all cases, the measured CT peak wall attenuation (PWAt), as denoted by an arrow, does not reflect the "true" attenuation of Ϫ50 HUs provided in the staircase model, but that, as the real wall thickens, the PWAt approaches the expected value of Ϫ50 HUs. The arrow denotes the mean PWAt of the single-intensity profile. participation in the current investigation, and only the 224 subjects imaged on a single CT scanner with a common reconstruction algorithm were included in this final analysis.
Study Procedures
CT imaging of the lungs, as well as spirometry and epidemiological information, were collected under separate investigational protocols. After undergoing CT imaging per the NLST protocol, subjects providing additional informed consent performed prebronchodilator spirometry, according to American Thoracic Society standards (2, 12) , and were classified using modified Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria for disease severity (17) . Cigarette smoking history and current smoking status were also recorded.
NLST CT protocol. For all subjects, helical imaging was performed at full inflation using a GE QXi four-slice scanner. Images were acquired using 120 kV and 60 mA, with a pitch of 1.5 and a gantry rotation time of 0.8 s. The scanning field of view ranged from 270 to 460 mm, based on body habitus. Images were reconstructed using the Standard GE algorithm with a 2.5-mm slice width at 2-mm intervals.
Computer-based simulation analysis. A total of 861 profiles were generated with a range of simulated WTs (1-5 mm) and attenuations (Ϫ100 HUs to ϩ100 HUs in 10-HU increments). Figure 1 shows examples of three profiles used in our experiment, each with a real wall area (WA) ϭ Ϫ50 HUs and real WT of 1.5, 2.5, and 4 mm. The low-pass characteristic of the PSF was observed to introduce a blurring that reduces the intensity contrast of structures whose size is the order of the PSF size. For each simulated airway and its corresponding profile, measured WT was calculated using the full-width at half-maximum (FWHM) method of edge detection (1) . Airway wall attenuation was defined as the PWAt in the intensity profile, as depicted by the arrows in Fig. 1 .
Phantom CT and NLST CT analysis. The four tubes representing simulated airways were visually identified and analyzed in a single axial image of the COPDGene phantom. In the clinical images, airway RB1, the apical segment of the right upper lobe (AS-RUL) was identified for each subject.
For both the phantom and clinical CT scans, a seed point was manually placed in the airway lumen, and its centroid was automatically calculated. From the centroid, 128 one-dimensional (1D) rays were cast in 360°. The sampled 1D profiles through the airway wall were then interpolated using a cubic B-spline (11, 13) with a resolution of 0.05 mm. The lumen-wall and wall-parenchymal boundaries for each 1D profile were determined using the standard FWHM method for edge detection (9, 14) . The metrics of the airway wall collected included mean lumen area (LA), WT, WA percent (WA%; defined as 100 ‫ء‬ WA/total cross-sectional area of wall and lumen), and mean PWAt. Measures of mean peak airway wall attenuation were determined by averaging the peak attenuation values of the mural portion of each 1D profile (Fig. 3) . In each subject, a single measure of RB1 airway morphology was collected and is reported as RB1 WT, PWAt, etc.
For the phantom images, tube morphology was calculated as an average of the values obtained from the full 128 rays. Where possible, circumferential measures of the airway wall were collected for the in vivo CT scans. In places in which the outer airway wall boundary was obscured by an adjacent vessel, only those regions of the airway that visually appeared to have undergone acceptable segmentation using the FWHM method were included in the analysis.
Airway analysis was performed by one of the authors (A. Diaz), who was blinded to measures of lung function. Standard densitometric measures of emphysema were performed as described previously using a HU threshold of Ϫ950 (6). Quantitative image analysis was performed using Airway Inspector (www.airwayinspector.org).
This study received approval from the Institutional Review Board at Brigham and Women's Hospital.
Statistical Analysis
Baseline characteristics of the study cohort are presented as means Ϯ SD and were compared using t-tests. Spearman correlation coefficients were used to express the relationship between CT measures of airway disease and lung function. Additional multivariate linear regression modeling was performed to assess the relationship of lung function and CT-based measures of emphysema and airway disease. P values Ͻ 0.05 were considered statistically significant. Data analysis was performed using SAS version 9.1 (SAS Institute, Cary, NC).
RESULTS

Computer Simulation
The results of the computer-based simulation study are provided in Fig. 4 . Measurements of WT are provided as a function of the sigma (where sigma is the standard deviation of the Gaussian distribution representing the PSF and is equal to 1 mm) of the simulated PSF of the image. As shown in Fig. 4 , A and B, there is universal underestimation of the true mural attenuation when using the CT-derived PWAt measures for all airway walls, and it is not until the actual airway WT approaches 5 sigma of the PSF that the measured and actual PWAt values are in agreement. Furthermore, the data presented in Fig. 4B suggest that, for a fixed WT, there is a linear relationship between real and observed PWAt, even in airway walls less than five times sigma. Figure 4C depicts the curvilinear relationship between actual and measured WT. Again, it is not until the real airway WT approaches 5 sigma of the PSF that there is agreement between the actual and measured thickness. Finally, Fig. 4D depicts the relationship between the actual wall attenuation and measured WT. Note that variations in the actual airway wall attenuation do not influence airway WT measures when using the FWHM method; FWHM appears to be insensitive to changes in structure density.
Phantom Validation
Four tubes representing a range of simulated airway sizes were analyzed (Fig. 2) . The phantom tubes were segmented using the FWHM algorithm for edge detection, and the mea- Fig. 3 . The mean PWAt was calculated by taking the mean of the peak attenuation along each ray, radiating outward from the centroid of the airway lumen. In the case of circumferential measures of the airway wall, the PWAt would be a mean of the peak attenuation of the mural portion of 128 one-dimensional rays.
sures obtained were compared against the manufacturer's specifications (Table 1 , Figs. 5). As shown, there is marked overestimation in WT in all tubes, although the degree of overestimation is greater in the smaller airways.
Figure 5B depicts the relationship between observed and expected PWAt for each tube, where the expected attenuation of the polycarbonate is 180 HUs. There was uniform underestimation of the expected polycarbonate attenuation when using the PWAt values acquired with the FWHM method, and this effect was greatest in the smallest phantom airway.
Cohort Demographics
A total of 224 subjects (93 women, 131 men) with CT scans and corresponding prebronchodilator spirometry were included in this investigation. Demographics, smoking history, and the distribution of GOLD stages are provided in Table 2 . Subjects with GOLD 3 and 4 diseases were pooled into one group (GOLD 3&4) due to limited numbers of subjects with GOLD stage 4 disease.
NLST Airway Phenotypes
Measures of airway WT tended to be inversely related to the forced expiratory volume in 1 s (FEV 1 ) expressed as percent predicted (FEV 1 % predicted) (r ϭ Ϫ0.13, P ϭ 0.06), although the trend did not meet statistical significance. The WA%, LA, and the PWAt were statistically significantly inversely correlated with the FEV 1 % predicted (WA%: r ϭ Ϫ0.28, P Ͻ 0.0001; LA: r ϭ 0.14, P ϭ 0.03; and PWAt: r ϭ Ϫ0.18, P ϭ 0.0008, respectively). The forced vital capacity (FVC) expressed as percent predicted (FVC% predicted) was significantly correlated with three CT measures of airway disease (WT: r ϭ Ϫ0.19, P ϭ 0.05; WA%: r ϭ Ϫ0.33, P Ͻ 0.0001; PWAt: r ϭ Ϫ0.27, P Ͻ 0.0001), but not LA (r ϭ 0.04, P ϭ 0.52). Last, none of the CT metrics of airway disease WT, WA%, LA, or PWAt were predictive of the ratio of the subject's FEV 1 and FVC (FEV 1 /FVC) (WT: r ϭ Ϫ0.05, P ϭ 0.41; WA%: r ϭ Ϫ0.014, P ϭ 0.83; LA: r ϭ 0.07, P ϭ 0.30; PWAt: r ϭ Ϫ0.11, P ϭ 0.11). In additional multivariate Fig. 4 . Results of computer-based simulation study. A: the relationship between the real wall thickness (WT; normalized by the sigma of the PSF where sigma ϭ 1 mm) and the measured mean PWAt for a series of airways with expected wall attenuations of Ϫ100 to ϩ100 HUs. B: the linear relationship between the real and measured PWAt for a series of airway walls [ranging from 1 to 5 times the sigma of the point spread function (PSF)]. C: the relationship between real WT (normalized for the sigma of the PSF) and that measured using the full-width at half-maximum (FWHM) technique (again, normalized by the sigma of the PSF) on a CT image. D: for a given WT, changes in the real airway wall attenuation (PWAt) do not influence measured thickness using the FWHM technique. WA, wall area. modeling using CT measures of emphysema and airway disease to predict lung function, measures of PWAt remained as a statistically significant predictor of the FEV 1 % predicted when adjusted for both WA% and percent emphysema ( Table 3) . The model coefficient of determination was 0.31.
DISCUSSION
Previously, Dougherty and Newman (5) proposed using CT-derived measures of PWAt of cortical bone as a metric of its structural properties. Based on their work, we sought to examine the utility of airway wall PWAt as a CT-based measure of airway disease in subjects with COPD. Using a computer-based simulation study and CT phantom, quantitative assessments of mean PWAt were performed, and their relationship to WT and expected wall attenuation was examined. After evaluating the performance of this metric in these preliminary investigations, measures of PWAt, WT, and WA% were performed in the AS-RUL of a cohort of subjects participating in the NLST and correlated to spirometric measures of lung function. On univariate analysis, measures of PWAt appeared to be a stronger correlate to lung function than WT and of comparable strength to WA% in its relationship to the FEV 1 % predicted, FVC% predicted, and the FEV 1 /FVC. With additional multivariate modeling, PWAt remained as a significant predictor of lung function after being adjusted for WA% and percent emphysema. The results of this univariate and multivariate analysis suggest that PWAt may capture additional phenotypic information regarding CT measures of airway disease not assessed by either WT or WA%.
In chronic inflammatory conditions such as COPD, airway disease can manifest as mural remodeling with proximal airway wall thickening, and it is such thickening that is utilized as an image-based measure of disease (15, 23) . The authors postulate that this chronic remodeling process may also result in an increase in tissue density or CT attenuation. Behar and colleagues (3) reported that subjects with the chronic inflammatory condition relapsing polychondritis affecting the lower respiratory tract were observed to have airway walls of increased X-ray attenuation on CT scan. The etiology of this observation was not validated histologically, but was thought to be due to mural calcification and fibrosis (3). More recently, using optical coherence tomography, Coxson and colleagues (4) made the subtle observation that a subject with greater expiratory airflow obstruction had increased mural density in the subepithelial region, which they believed to be due to increased collagen deposition characteristic of chronic airway remodeling (4). While such a finding is likely beyond the resolution of clinical CT scanning, it does support a hypothesis that mural remodeling may influence airway wall density. Values represents the cohort of 224 subjects, unless specified, and are means Ϯ SD, with the exception of pack ⅐ yr smoking history, which is provided as medians and interquartile ranges. FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease, LAA, low-attenuation area. The model coefficient of determination (R 2 ) was 0.31. WA%, wall area percent. When considered in the context of a standardized CT protocol, mean PWAt is a function of two unique structure properties: size and density. When evaluated individually, PWAt underestimated true attenuation in a nonlinear fashion, with the greatest error observed in the smallest airways. Such observations are consistent with the concept of contrast reduction (22) and validate the performance of our computer simulation. The simulation results further suggest that, for a given structure size, measured PWAt is linearly related to true PWAt and, while inaccurate, exhibit no differential bias across the range of simulated "real" attenuations (Fig. 4B) . The ability of PWAt to simultaneously assess both thickness and density, therefore, appeared to be robust and supported its application in further clinical investigation. It is possible that the correlative strength of PWAt observed in our multivariate modeling was due to its ability to assess not only WT through the partial volume effect, but also subtle changes in wall attenuation associated with the process of airway remodeling. The latter conjecture on the part of the authors is, however, less likely, given the contrast resolution of clinical CT imaging. Further histopathological investigation is needed to support such a theory.
There are technical limitations of this investigation that must be noted. The CT data were not optimal for quantitative assessments of airway wall structure. Both the partial volume averaging inherent in increasing slice thickness and the lower spatial frequency of the "smoother" standard reconstruction algorithm significantly bias our airway measurements to overestimate true WT. In an attempt to minimize this bias, airway measures were only taken from the AS-RUL, because its long axis generally runs perpendicular to axial image acquisition. While measurements confined to this site will not address issues related to the reconstruction algorithm, it will, in part, mitigate the partial volume effect inherent to airway analysis in thicker CT images.
A further limitation of this investigation is the narrow range of sizes of airways assessed in the NLST cohort (WT Ͼ 2 mm) and their inability to adequately assess the relative merits of PWAt against either WT or WA%. As shown in Fig. 4C , any discrete range of real airway sizes may fall into a roughly linear portion of the curve, depicting the relationship of observed and expected WT. Because of this, the mural thickening in the AS-RUL is likely detected as a proportional change in CT assessments of the same. In such cases, one would not expect PWAt to be clearly superior to measures of WT in correlative analysis. A broader range of airways whose size spans a nonlinear part of the curve in Fig. 4C , specifically the flatter region of the curve at smaller WT, where CT may lack the ability to accurately discriminate changes in WT, must be examined to assess the true merits of PWAt.
A limitation of PWAt as a measure of airway disease used in correlative investigation must also be discussed. While CT measures of disease are focused on proximal airway wall thickening, it is consistently observed that airway WT is a poor indicator of lung function (9, 14) . WT does not specifically predict LA, the latter being the main component to resistance to airflow in the lung. To address this, the standard CT measure of disease has become WA%, a metric based on both WA and its corresponding LA. The current measurement of PWAt does not specifically take into account a reduction in LA, and, as such, a more valid comparison can be made between WT and PWAt than between WA% and PWAt. Further work is needed to derive a "lumen adjustment" for PWAt to adequately assess its performance against WA% in correlative analysis.
COPD is recognized as being a heterogeneous syndrome of airway disease and emphysema, leading to incompletely reversible expiratory airflow obstruction (16) . In addition to the unpredictable admixture of these disease processes in any one individual, there is a tremendous variability in subject symptoms and response to therapeutic intervention (7, 10) . Because of this, there are increasing efforts to define more homogeneous subsets of subjects and potentially define new biomarkers that facilitate clinical investigation. Inherent to that effort is the identification of CT-based metrics of airway disease that can increasingly predict subject disease state. Thus the detection and validation of a metric that augments current efforts in imaged-based quantification of disease would be of great use. Mean peak airway wall attenuation appears to offer an easily quantifiable and reproducible metric of airway disease in subjects with COPD. The advantage of this measure of disease over current standards includes its ability to detect changes in both WT and density that may be associated with airway disease. Further investigation is required to determine its histopathological correlate and utility in the smaller airways at the limits of current clinical CT scanner resolution.
